Variation in the acoustic structure of alarm signals has mainly been viewed as coding information about the type of predator or the level of threat posed by the predator. Alarm signals can also convey individuality information, but whether conspecifics use this information and the function of individually distinct alarm calls remains unclear. In this study, we examined whether mobbing alarm calls of superb fairy-wrens (Malurus cyaneus) communicated information about sex, individual identity or kinship and whether this information was stable between years. We then examined the discriminative abilities of adults using playback experiments. We first used a habituation/dishabituation procedure to investigate whether adults were able to differentiate between two unfamiliar individuals. Then, we tested whether they adjusted their response based on their level of familiarity or kinship with the caller by comparing their response to mobbing alarm calls of their mate, a first order relative from the same population, an unrelated individual from the same population, or a distant bird from a different population. Superb fairy-wren mobbing alarm calls conveyed information about individuality, but not sex or kinship, and vocal individuality varied between years. Adults discriminated between two unfamiliar individuals and responded more strongly to playback of calls from their mate and kin versus individuals from another population. We discussed the conditions for discrimination based on individual characteristics rather than categories of individuals.
INTRODUCTION
The ability to discriminate individuals can play a major role in the evolution and maintenance of social behaviors (Hamilton 1963; Trivers 1971; Tang-Martinez 2001; Hammond and Axelrod 2006; Wiley 2013 ). This may be particularly relevant in long-lived species, and in species where individuals interact with kin or the same conspecifics over several years. For example, individual discrimination may be critical to increase pair bonding through the recognition of long-term mating partners (Carter and Roberts 1997) or to reduce aggressive interactions between neighbors (Godard 1991) , thus saving time for other important activities, such as foraging, preening or territory defense. Additionally, in species where kin interact, cooperation with close relatives may increase indirect fitness benefits (Hamilton 1963) . Therefore, the ability to discriminate between conspecifics may be crucial in maximizing fitness (reviewed in Komdeur and Hatchwell 1999 ; see also Cornwallis et al. 2009 Cornwallis et al. , 2010 Griesser et al. 2015) and species that regularly interact with kin may be under even stronger selection pressures to discriminate between conspecifics.
In birds, vocalizations are the most common signaling system used for individual discrimination (e.g. Sharp and Hatchwell 2005; Candiotti et al. 2013; Kastein et al. 2013; Sharpe et al. 2013; Colombelli-Négrel et al. 2014) . Noisy miners (Manorina melanocephala) (McDonald 2012) and common ravens (Corvus corax) , for example, have been shown to discriminate between individuals solely based on calls produced to recruit conspecifics to particular locations. In superb starlings (Lamprotornis superbus), flight calls encode group membership and individuals respond differently to playback of calls from their own group versus calls from different groups (Keen et al. 2013) . Similarly, McDonald and Wright (2011) showed that bell miner (Manorina melanophrys) provision calls encoded information about relatedness, which adults seem to use to assess their relatedness to other individuals and adjust their helping effort. Yet, our understanding of the mechanisms involved in individual vocal discrimination in species that regularly interact with kin (such as in cooperative breeding species) is still limited (but see . This is because evidence mostly relies on response to neighbors or mates versus unfamiliar individuals, which may merely reflect discrimination of familiar individuals rather than recognition of the individuals per se (reviewed in Wiley 2013) .
In addition, while the adaptive value of individuality in vocalizations is easy to understand in many contexts (such as food provisioning to young or territorial interactions), it is not immediately obvious why it would be beneficial in a predator context Pollard 2010) . It has been suggested that receivers could use this information to evaluate the reliability of the callers in order to ignore signals produced by individuals (or classes of individuals) that are less likely to be reliable (Cheney and Seyfarth 1988; Sloan and Hare 2006) , thus reducing disruptions in time spent in other behaviors (Blumstein 2007) . In species where kin interact, individual signatures in alarm calls could also function in kin discrimination, allowing receivers to increase their vigilance and response urgency when kin are calling or to acquire increased fitness by warning relatives of danger (Maynard Smith 1965; Griesser and Ekman 2004; Wheeler 2008) . But while there is evidence that alarm calls in some mammal species encode information on caller identity (McCowan and Hooper 2002; Blumstein and Munos 2005; Schneiderova and Policht 2011) , so far the playback results are contradictory: using habituation-dishabituation experiments, research on Richardson's ground squirrels (Spermophilus richardsonii) (Hare 1998) , yellow-bellied marmots (Marmota flaviventris) and Cottontop tamarins (Saguinus Oedipus) (Sproul et al. 2006) showed that individuals did respond to such differences, while research on meerkats (Suricata suricatta) (Schibler and Manser 2007) showed that individuals did not. Furthermore, most studies to date on individual variation within alarm calls have been in mammals, with little research on such variation in birds (but see Yorzinski et al. 2006; Nichols and Yorzinski 2016) .
In this study, we examined whether mobbing alarm calls of superb fairy-wrens (Malurus cyaneus) conveyed information about sex, individuality or kinship, and whether the receivers could use this information when responding to conspecifics. Superb fairy-wrens are ideal for exploring the function of individuality in alarm calls because they live in complex social groups, are cooperative breeders (Mulder et al. 1994; Margraf and Cockburn 2013) and experience high nest predation (up to 83% in our study sites; Kleindorfer et al. 2014b) . They also have very low dispersal (1-2 km) (Mulder 1995; Cockburn et al. 2003) , and hence low gene flow (<3%) (Dudaniec et al. 2011) . Here, we used acoustic analyses to investigate whether mobbing alarm calls differed between individuals, sexes or in relation to genetic relatedness and whether this information was stable between years. We then used playback experiments to examine the discriminative abilities of adult superb fairy-wrens. We tested whether adults were able to differentiate between 2 unfamiliar individuals using a classical habituation/ dishabituation procedure (Johnston and Jernigan 1994; Hauber et al. 2002; Colombelli-Négrel and Gouat 2006; Colombelli-Négrel et al. 2014 ). Finally, we tested whether they adjusted their response based on their level of familiarity or kinship with the caller by comparing their response to mobbing alarm calls of their mate, a first order relative from the same population, an unrelated individual from the same population or a distant bird from a different population.
METHODS

Study site and species
We recorded all mobbing alarm calls analyzed for this study and conducted all playback experiments at Cleland Wildlife Sanctuary (34°58'S, 138°41'E), South Australia. Superb fairy-wrens are common, small, insectivorous passerines that occur in open woodlands in south-eastern Australia (Rowley and Russell 1997; Higgins et al. 2001) . They are sedentary, territorial, and have a cooperative breeding system, where young males sometimes remain in their natal territory and provide help to the dominant breeding pair (Mulder et al. 1994; Kleindorfer et al. 2013; Margraf and Cockburn 2013) . In our study site, the breeding season extends from August to January, with 1-3 broods per year and a clutch size of 2-3 eggs (Colombelli-Négrel et al. 2012) . Females build the nest and incubate the eggs alone, but all members of the group feed the young (Colombelli-Négrel et al. 2012) . Annual nest predation ranges from 34% to 83% (Kleindorfer et al. 2014b) . When confronted by predators, superb fairy-wrens use two different alarm calls: 1) a mobbing alarm call ("chits" call; also called terrestrial alarm call) that is evoked by any predator (including birds) that are on the ground or perched (Rowley and Russell 1997; Colombelli-Négrel et al. 2010) , and 2) an aerial alarm call ("flee" call) that is evoked by flying predators (Rowley and Russell 1997) . In this study, we focused on mobbing alarm calls (Figure 1 ).
Call recordings and analysis
We opportunistically recorded mobbing alarm calls of 46 adult superb fairy-wrens (25 females and 21 males) in response to a human observer approaching each targeted bird within 3 m. All recordings were conducted over a single recording session. Additionally, we recorded 8 (5 females and 3 males) of these 46 adults over 2 consecutive years to test for between-year stability of individuality in mobbing alarm calls. Recordings were only made if the following conditions were met: 1) a single adult individual was initially foraging independently from the group (between 1-5 m away); 2) its sex and color band combination were known; and 3) the bird was clearly visible during the recording session. We recorded all mobbing alarm calls using a Telinga parabolic microphone (Telinga Microphones, Sweden) connected to a portable Sound Devices 722 digital audio recorder (Sound Devices LLC, USA). We recorded all sound files as broadcast wave files (48 kHz sampling rate, 24-bit depth). We visualized the audio files using Amadeus Pro 2.2 (Hairersoft Inc, Switzerland) and analyzed them with Raven Pro1.5 Sound Analysis Software (Cornell Lab of Ornithology Bioacoustics Research Program, Ithaca, New York). We created spectrograms for each recording using the Hann algorithm (filter bandwidth 124 Hz, size 512 samples, time grid overlap 50%, grid resolution 5.8ms, 86.1Hz, DTF 512 samples).
We defined a mobbing alarm call as an individual element (a single continuous trace on the spectrogram; Figure 1) , not a sequence of elements. From the recordings, we selected 6-10 calls per individual (mean 9.6 ± 0.16) with no overlapping sound using Raven Pro 1.5. We successfully selected 10 calls for 41 individuals (89%); however, for the remaining four individuals, we were unable to select 10 calls that did not have any overlapping sound. Therefore, we included as many calls as possible without overlapping sound for those four individuals (respectively, 6-6-7-8 calls) . From the spectrograms, we measured the following for each of the selected calls: 1) the duration (s); 2) the minimum frequency (Hz); 3) the maximum frequency (Hz; frequency at which maximum power occurs within the selection); 4) the peak frequency or frequency at maximum amplitude (Hz; frequency at which peak power occurs within the selection); 5) the bandwidth or frequency range (Hz); 6) the frequency for the first quartile (Hz; frequency that divides the selection into 2 frequency intervals containing 25% and 75% of the energy in the selection); 7) the frequency for the third quartile (Hz; frequency that divides the selection into two frequency intervals containing 75% and 25% of the energy in the selection); 8) the frequency at 5% (Hz; frequency that divides the selection into 2 frequency intervals containing 5% and 95% of the energy in the selection); (9) the frequency at 95% (Hz; frequency that divides the selection into 2 frequency intervals containing 95% and 5% of the energy in the selection); (10) the time to maximum frequency (s) and (11) the time to maximum amplitude (s). We delimited the window selection manually using the cursor in Raven Pro 1.5 at the points where the amplitude of the vocalization reached -24 dB relative to the maximum amplitude (selection spectrum view).
We measured call similarity with spectrographic cross-correlation (SPCC) using batch correlation in Raven Pro 1.5. SPCC compares 2 pairs of vocalizations over time by "sliding" them frame-by-frame and creating a peak correlation score between the two vocalizations. All the calls selected for the previous analysis (6-10 calls per individual; mean 9.6 ± 0.16) were included in the SPCC analysis. SPCC scores range between 0 and 1, where identical vocalizations are scored as 1. All calls were bandpass-filtered at 4-13 kHz and normalized in Raven before cross-correlation.
Analysis of genetic relatedness
Prior to the recordings, we captured as many adult birds as possible (n = 184) with mist-nets in 2012, 2013 and 2014. During capture, we took blood samples (0.01 ml per bird) with a 0.5 ml syringe (29G) from the right jugular vein to be stored on FTA ® paper (Smith and Burgoyne 2004) . We extracted DNA from FTA ® paper (200 μl volumes used for all washes) following a modified version of method #4 from Smith and Burgoyne (2004) for nucleated erythrocytes for use in polymerase chain reaction (PCR). Each individual was genotyped at 11 polymorphic microsatellite loci using primers developed for M. cyaneus (Mcyu1, Mcyu2, Mcyu3, Mcyu4, Mcyu5, Mcyu6, Mcyu7, Mcyu8) (Double et al. 2005) and M. splendens (Msp4, Msp6, Msp10) (Webster et al. 2004) . We used the multiplex-ready technology (MRT) method to fluorescently label primers during PCR. We performed PCR amplification (in 12 μl volumes) with PCR reagents in following final concentrations: 1 × μM MRT buffer, 0.2 μM of each primer, 10 μM reverse primer, 10 μM tag forward primer, 0.5 units Immolase, and between 10 and 100 ng DNA. PCR conditions were an initial denaturing step at 95°C for 10min, followed by 5 cycles of 92°C for 60 s, 50°C for 90 s, 72°C for 60 s, then 20 cycles of 92°C for 30 s, 63°C for 90 s, 72°C for 60 s, and then 40 cycles of 92°C for 15 s, 54°C for 60 s, 72°C for 60 s. The program was completed with a final run of 72°C for 10 min, then terminated at 25°C. We excluded the microsatellite loci Mcyu1 and Mcyu2 due to a lack of sufficient amplification across individuals. Therefore, we analyzed all individuals at nine microsatellite loci. Genotypes were analyzed on an ABI 3770 (Applied Biosystems) automated sequencer and scored using GeneMapper Software 4.0 (Applied Biosystems), manually edited by CE. We performed tests of Hardy-Weinberg Equilibrum (HWE) per locus and linkage disequilibrium using GenePop version 4.2 (Raymond and Rousset 1995) . We assessed the presence of null alleles, scoring errors, and large-allele drop out using Micro-Checker version 2.2.3 (Van Oosterhout et al. 2004) . No loci consistently showed evidence of scoring errors, stuttering or large-allele dropout. Tests of HWE showed that two loci (Mcyu3, Mcyu6) had significant departure from HWE for individuals across the 3 years of sampling. Tests for linkage disequilibrium showed that two loci (Mcyu6 and Msp10) were significantly linked. The locus Mcyu3 showed evidence of null alleles. Therefore, we proceeded with data analysis using the following six loci: Mcyu4, Mcyu5, Mcyu8, Msp4, Msp6, and Msp10. We estimated relatedness (R) (Goodnight and Queller 1999) for all pairwise combinations (n = 184) using KINGROUP v.2.0 software (Konovalov et al. 2004 ) with background allele frequencies from Konovalov and Heg (2008) . KINGROUP software uses several methods to calculate r values. To determine which method best fitted our data, we first compared combination of individuals with known relatedness (mother-offspring) using 4 different methods ( (Konovalov and Heg 2008) that best matched the known relationships (see Table 1 ). This software tests each method against a null hypothesis using likelihood ratios and a simulation-based approach. We used 1000 simulated pairs as recommended by Konovalov et al. (2004) to test each method against the null hypothesis that the pairs were unrelated. To assess the reliability of our six loci, we also ran the software with all loci, and then with the six selected loci, and compared the relatedness values between offspring and their mothers to determine which set of loci produced values most similar to the expected values (Table 1) .
Playback experiments
Experiment One: discrimination between 2 unfamiliar individuals To test whether superb fairy-wrens discriminate between the mobbing alarm calls of different individuals, we used a habituation/ dishabituation procedure measuring behavioral response (Hauber et al. 2002; Colombelli-Négrel et al. 2014) . This method predicts a decrease in response to a series of initial habituation stimuli and an increased response to a subsequent dishabituation stimulus (Rendall et al. 1996) . Therefore, after habituation, if fairy-wrens discriminate between individuals, we would expect a change in behavioral response in the test group (individuals presented with stimuli from a novel individual in the dishabituation phase; re-gain of attention) but not in the control group (individuals presented with stimuli from the same individual in the dishabituation phase).
To prepare the stimuli, we used mobbing alarm calls recorded from a different population, specifically Scott Creek Conservation Park, to avoid any confounding effects of familiarity, such as tested birds varying their response to callers they recognize as unreliable signalers. We recorded mobbing alarm calls at Scott Creek Conservation Park in 2009 following the same methodology described above. We prepared stimuli with Amadeus Pro 2.2 from distinct and previously recorded mobbing alarm calls with a good signal-to-noise ratio. We filtered out sounds below 1.5 kHz and we normalized the playbacks by −15db using the automated setting "Max RMS Power" in Amadeus Pro to match for amplitude. We prepared a total of 8 stimulus tracks (four test tracks, four control tracks) using mobbing alarm calls from four females and four males. Each playback track lasted 15 min and consisted of 4 trials of habituation (trials 1-4) followed by 1 trial of dishabituation (trial 5). Each trial consisted of 1 min of playback (2 mobbing alarm calls every 10 s-natural call rate ranges between 0.04 and 0.91 calls per second) followed by 2 min of silence (to allow the tested individuals to resume foraging): this consisted of 3 min for each trial repeated 5 times, with a total time for each experiment of 15 min. For each trial, we used a different set of calls so that adults would show habituation to a particular individual and not to a specific call from that individual (see Colombelli-Négrel et al. 2014; Ono et al. 2015) . The control tracks had four different sets of mobbing alarm calls from the same individual (habituation; trials 1-4) followed by another set of mobbing alarm calls from the same individual (trial 5). The test tracks had four different sets of mobbing alarm calls from the same individual (habituation; trials 1-4) followed by a set of mobbing alarm calls from a novel individual (dishabituation; trial 5). We then saved the stimuli as uncompressed 16 bit broadcast wave files (.wav) using Amadeus Pro 2.2 and transferred them onto an Apple iPod (Apple Inc., USA) connected to a Moshi Bass Burger speaker (Moshi Corporation, USA; Sensitivity: >80db; Frequency Response: 280 Hz-16 kHz).
We tested a total of 38 adult superb fairy-wrens (17 individuals with a test track, 21 individuals with a control track). We conducted all playback experiments between 0800 and 1100 between August and early October 2015. Each tested individual was only tested once with one of the playback tracks, which was selected randomly. None of the tested groups had a nest or fledglings at the time of the playback experiment to ensure that responses were not biased by behavioral differences related to breeding stages. Individuals had either not attempted breeding yet or, if they had, had their nest predated at the building stage (and hence had not produced any egg or nestling). Once we found and identified a test fairy-wren foraging away from its group, we placed the iPod and speaker within 5 m of the tested bird. Because fairy-wrens are social animals and live in groups, other members of the group also responded to our playback. However, we only recorded our target individual for our analysis, which was also always the first one to respond. We played all playback tracks at the same volume (about 70.8 db ± 0.4 db at 1 m), which was equivalent to a naturally calling fairy-wren (about 68.8 db ± 0.8 db at 1 m). During the experiments, we noted in the field for each trial: 1) the latency to respond (s), which was scored as the total observation time if there was no response (2 individuals out of 38); 2) the number of mobbing alarm calls given in response; 3) the minimum distance of approach (m); 4) the number of flights over the playback speaker; and 5) the latency to resume feeding (s), which was scored as the total observation time (3 min) if feeding was not resumed after the two minutes of silence following each trial (1 individual out of 38). While the observers also previously prepared the tracks, they were blind to which playback track was played in the field. This was achieved by labeling each track with a 5-digit number and by randomly allocating track numbers to each individual in the laboratory; hence, the information regarding the playback tracks was never available to the observers in the field.
Experiment Two: discrimination between mate, related and unrelated individuals
To test whether superb fairy-wrens discriminate between related or familiar individuals, we tested 50 superb fairy-wrens (22 females, 28 males) with the following stimuli: 1) the mobbing alarm calls of their respective mate (n = 8); 2) the mobbing alarm calls of a first order relative from the same population (n = 14); 3) the mobbing alarm calls of an unrelated individual from the same population (n = 19); or (4) the mobbing alarm calls of a distant bird from a different population (Newland Head Conservation Park; n = 9). Related individuals were first order kin (coefficient of relatedness close to or above 0.5), which was determined using genotype not social information. The Table 1 Relatedness values (mean ± S.E) of mother-offspring relationships in superb fairy-wrens estimated using KINGROUP Mother-offspring (n = 44) Goodnight and Queller (1999) 0.25 ± 0.01 Lynch & Ritland (1999) 0.45 ± 0.04 Wang (2002) 0.49 ± 0.03 Konovalov and Heg (2008) individuals selected to create the tracks for both related and unrelated playback (from the same population) were composed of a mix of close neighbors (living less than 2 territories away from the tested individuals) and distant neighbors (living more than five territories away, and thus not interacting with our tested individuals on a regular basis). For the related individuals (n = 14), we used 7 close neighbors (6 living 1 territory away and 1 living 2 territories away) and 7 distant neighbors (1 living 5 territories away, 3 living 6 territories away and 3 living 7 territories away). For the unrelated individuals (n = 19), we used 9 close neighbors (all living 1 territory away) and 10 distant neighbors (two living 5 territories away, 2 living 6 territories away and 6 living 7 territories away).
We prepared playback stimuli as described for Experiment One. Each playback track consisted of 1 min of playback (2 alarm calls every 10 s) and 2 min of silence (total time for each experiment = 3 min). We prepared a total of 24 stimulus tracks with Amadeus Pro 2.2 from 14 females and 10 males. We used mobbing alarm calls recorded from Newland Head Conservation Park for the distant bird stimuli to ensure that there would be no confounding effect with the previous playback, which used mobbing alarm calls from Scott Creek Conservation Park. We recorded mobbing alarm calls at Newland Head Conservation Park in 2009 following the same methodology described above.
We conducted all playback experiments between 0800 and 1100 in November and early December 2015. All individuals were tested once with one stimulus type. Out of the 50 individuals tested in Experiment Two, 13 were also tested in Experiment One. However, to ensure that their response would not influence our results, the 2 playbacks were separated by at least 2 months. To ensure consistency in the sex of the caller with the mate playback, we always tested males with a female stimulus and vice versa. Once we found and identified a test fairy-wren foraging away from its group, we placed the iPod and speaker within its territory, about 10 m away from the observers and within 5 m of the tested bird. Similar to Experiment One, other members of the group also responded to our playback, but we only recorded the response of the target individual. We played all playback tracks at the same volume (about 70.8 db ± 0.4 db at 1 m), which was equivalent to a naturally calling fairy-wren (about 68.8 db ± 0.8 db at 1 m). During the experiments, we noted in the field the same behavioral responses as in Experiment One. Only 2 individuals did not respond and none failed to resume feeding. Tracks were labeled as described in Experiment One, and therefore the observers were blind to the playback type (mate, related, unrelated, or from another population). We also noted the breeding stage (not breeding, building, incubation phase, nestlings phase or fledglings phase) for each tested individual.
Statistical analyses
We analyzed data using PASW Statistics (PASW version 22.0 for Windows, SPSS Inc., Chicago, IL). All means are presented ± SE. We tested whether mobbing alarm calls varied between individuals using two different approaches. First, to obtain quantitative information for each of the measured call parameters and compare their potential as individual markers, we calculated their potential for individual coding (PIC). This method determines the ratio between the inter-individual variation (CVb) and the intra-individual variation (CVw). We calculated the coefficient of variation (CV) according to the formula CV = 100% * SD/X where X is the individual means and SD the standard deviations (Sokal and Rohlf 1995) . We calculated CVw (within individual CV) and CVb (between individual CV). PIC was calculated as the ratio CVb/mean CVw (Charrier et al. 2001 (Charrier et al. , 2003 . PIC value >1 indicates greater interindividual variability than intra-individual variability and therefore suggests increasing potential to encode individuality. Second, we tested whether mobbing alarm calls differ among individuals using principal component analysis (PCA), MANOVA, and discriminant function analyses (DFA). We reduced call parameters using PCA and used calls recorded over one recording session (n = 443 calls, 46 adults) in MANOVA to assess the influence of "individuality" versus "sex" on the PCA factors and obtain F-ratios. Large F-ratios represent greater between-than within-group variability (Campbell 1989) . We used DFA with a leave-one-out cross validation method on the PCA factors to quantify the extent to which mobbing alarm calls could be correctly classified to the correct individual. We further explored whether mobbing alarm calls were individually distinct and that variation between individuals was greater than that within individuals using a Mantel test in XLSTATS version 2015.4.01 (Addinsoft, New York, USA) and the SPCC scores. Specifically, we compared the matrix of similarity produced by the spectrographic cross-correlation in Raven Pro 1.5 (using all selected calls per individual) to a second "hypothesis" matrix with a binary code, where "1"s represented within individual comparisons and "0"s represented between-individual comparisons in the equivalent positions (see also Schnell et al. 1985; Sharp and Hatchwell 2005) . To test whether mobbing alarm calls encoded kinship information, we compared the matrix of similarity from Raven Pro 1.5 (using the averaged SPCC scores per individual) with a matrix of genetic relatedness using a Mantel test in XLSTATS. To investigate acoustic stability over time, we used calls recorded over consecutive years for the same individuals (n = 160 calls, eight adults). We used mobbing alarm calls recorded in the first year to calculate DFA scores and then used those scores to discriminate calls in the subsequent year.
We reduced the number of behavioral responses to playback using principal components analysis (PCA) and varimax rotation. In Experiment One, we used MANOVA to assess the influence of breeding attempt (not attempted, failed) on the PCA variables. To test if habituation occurred, we used paired t-tests to compare PCA variables between the first and fourth trial. We used a MANOVA to measure the effects of playback type (test, control) on the habituation with playback track (1-8) as a covariate. To test for discrimination, we used paired t-tests to compare PCA variables between the fourth and fifth trial, with the individuals tested with the test (novel individual) and the control (same individual) stimuli analyzed separately. We used GLMM analysis to measure the effects of sex of the caller (stimuli) and sex of the receiver (tested individual) and their interaction term on the habituation and discrimination response with individual, group of the tested individual and playback track (1-8) as random effects. For Experiment Two, we used MANOVA to assess the influence of the sex of the receiver, the breeding stage and their interaction term on the PCA variable. We then investigated whether superb fairy-wrens varied their response in relation to their degree of relatedness and familiarity with the caller with ANOVAs and Bonferroni post hoc tests.
RESULTS
Mobbing alarm calls conveyed information about individuality but not sex or kinship
We analyzed 523 mobbing alarm calls from 21 males and 25 females (n = 46 individuals). Means ± standard errors of all the call parameters measured are presented in Table 2 . PIC values of five parameters (Table 2) were greater than 1, suggesting that these parameters varied more between individuals than within individuals. The PCA analysis provided four components with eigenvalues >1, which explained 79% of the variance: 43% of the variance was accounted for by PC1-Frequencies, 16% was accounted for by PC2-Max Frequency, 11% was accounted for by PC3-Time Max Amp and 9% was accounted for by PC4-Time Max Freq (Table 3) . Mobbing alarm calls differed significantly between individuals but did not vary between sexes (Table 4) , except for PC3-Time Max Amp because males had longer times than females. Comparison of F-ratios showed that the effect of "individual" was always stronger than the effect of "sex" (Table 4) . Cross-validated DFA classified 23% of the mobbing alarm calls to the correct individual, which was higher than the percentage of correct classification by chance (by chance 1/46 = 2%). The Mantel test confirmed that mobbing alarm calls recorded from the same individual were significantly more similar than those recorded from different individuals (r = 0.10, P < 0.0001; Figure 2 ). We found no significant correlation between call similarity and genetic relatedness (Mantel test: r = 0.02, P = 0.52), suggesting that mobbing alarm calls did not convey any kinship information.
Vocal individuality in mobbing alarm calls varied between years
To investigate between-year stability in mobbing alarm calls, we analyzed 160 calls from 3 males and 5 females (n = 8 individuals) that were recorded over 2 consecutive years. Using only the first year of recording, cross-validated DFA classified 49% of the mobbing alarm calls to the correct individual, which was higher than the percentage of correct classification by chance (by chance 1/8 = 12%). Additionally, calls collected the second year could also be correctly classified to the correct individuals in 56% of the cases after leave-one-out cross-validation. However, calls collected in the second year were only correctly classified in 12.5% of the cases by the discriminant scores produced from the calls recorded the first year.
Superb fairy-wrens discriminated between mobbing alarm calls of two unfamiliar individuals
We tested 38 adult superb fairy-wrens (18 females, 20 males) in Experiment One. The PCA analysis provided two components with eigenvalues >1, which explained 71% of the variance: 41% of the variance was accounted for by PC1-Approach and 30% was accounted for by PC2-Vigilance (Table 5a) . We found no impact of breeding attempt (not attempted, failed) on the playback response (MANOVA: all P > 0.17). Habituation occurred between the first and the fourth trials (Paired t-test PC1-Approach: t = −5.40, df = 37, P < 0.0001; PC2-Vigilance: t = 3.87, df = 37, P < 0.0001; Figure 3 ) and we found no effect of playback type (test, control) or playback track (1-8) on the extent of the habituation (MANOVA: all P > 0.11). We also found no effect of the sex of the receiver (tested individual) or the sex of the caller (stimuli) on the extent of the habituation (GLMM: all P > 0.10). However, we found a significant effect of the interaction term (sex receiver × sex caller) on PC2-Vigilance because females responded initially more to female calls (PC1-Approach: t = 0.18, df = 37, P = 0.67; PC2-Vigilance: t = −1.96, df = 37, P = 0.002; Figure 4 ). The residual effect of individual, group or playback track on the habituation was not significant (P > 0.06).
We then examined individual discrimination and compared differences in response between trial 4 (habituation phase) and trial 5 (dishabituation phase). Superb fairy-wrens discriminated between individuals based on their mobbing alarm calls: adults presented with the test stimuli (novel individual) showed a re-gain of attention (Paired t-test: PC1-Approach: t = 2.97, df = 20, P = 0.008; PC2-Vigilance: t = −3.45, df = 20, P = 0.003; Figure 3 ), while those presented with the control stimuli (same individual) did not (PC1-Approach: t = −0.17, df = 16, P = 0.86; PC2-Vigilance: t = −0.07, df = 16, P = 0.95; Figure 3) . We found no effect of the sex of the caller or the interaction term on the discrimination (GLMM: all P > 0.49). However, we found a significant effect of the sex of the receiver on PC2-Vigilance because males took longer than females to resume feeding after hearing the novel individual in the fifth trial (PC1-Approach: t = −0.19, df = 37, P = 0.54; PC2-Vigilance: t = 0.24, df = 37, P = 0.008; Figure 4) . The residual effect of individual, group or playback track on the discrimination was not significant (P > 1.00).
Superb fairy-wrens responded more strongly to playback of calls from their mate and kin versus individuals from another population
We tested 50 superb fairy-wrens (22 females, 28 males) in Experiment Two. The PCA analysis provided one component with The potential for individuality coding (PIC) was calculated as CVb/ mean CVw. PIC value > 1 (in bold) indicates greater inter-individual variability than intraindividual variability and therefore suggests increasing potential to encode individuality.
eigenvalues >1 (PCA-Response), which explained 53% of the variance (Table 5b) . We found no impact of the breeding stage, the sex of the receiver or the interaction term (sex receiver × breeding stage) on the playback response (Anova: all P > 0.14). Superb fairy-wrens responded differently to mobbing alarm calls produced by different categories of individuals (F 3, 49 = 3.803, P = 0.02; Figure 5 ): they showed a stronger response to their mate (Bonferroni-adjusted pairwise t-test post-hoc comparisons P = 0.026) and to kin (P = 0.033) compared to individuals from a different population, but did not respond differently to unrelated individuals (P = 0.17) compared to individuals from a different population. As specified in the methods, the individuals selected to create the tracks for both related and unrelated playback from the same population were composed of a mix of close neighbors (living less than two territories away from the tested individuals) and distant neighbors (living more than five territories away). Therefore, we further explored the effect of familiarity on playback response by comparing response to familiar (close neighbors) and unfamiliar (distant neighbors) individuals and found no significant difference (Anova: F 2, 32 = 1.60, P = 0.22).
DISCUSSION
Our results show that superb fairy-wren mobbing alarm calls varied significantly between individuals, and that individuals discriminated between two unfamiliar individuals using mobbing alarm calls alone. Superb fairy-wrens also responded more strongly to playback of calls from their mate and kin versus individuals from another population. We previously showed that embryos discriminated between maternal incubation calls in ovo (Colombelli-Négrel et al. 2014) and that adults discriminated toward their own nestlings based on nestling begging calls (Colombelli-Négrel et al. 2012) . Therefore, this current study provides further support to the idea that superb fairy-wrens discriminate between individuals in different contexts. Using a combination of acoustic analyses and playback experiments, we demonstrated here that superb fairy-wren mobbing alarm calls differed significantly between individuals and that adults discriminated between two individuals, even when the individuals were unfamiliar. When repeatedly presented with mobbing alarm calls from one individual, superb fairy-wrens responded less strongly (and often ignored) another set of different calls from that particular individual compared to calls from a novel individual, to which they responded with faster latency and longer time to resume feeding. In addition, we found that males were more vigilant after hearing the second individual calling. In yellow-bellied marmots, found that individuals were more vigilant after hearing alarm calls produced by several individuals rather than after hearing calls from a single individual. The authors argued that, when several individuals were alarm calling, it was more likely that a predator was actually present in the area ; see also Sloan and Hare 2008) . Therefore, one additional advantage High PCA scores indicate larger parameters (in grey). The eigenvalues and the percentage of the variance explained by each factor are presented in bracket under the name of the factor. Table 4 Results from MANOVA analysis testing the influence of "individuality" and "sex" (n = 443 calls, 46 individuals) on the PCA factors. of discriminating between individual callers in superb fairy-wrens could be for receivers to increase their vigilance response when multiple individuals are calling. While we found no effect of the sex of the receiver on call habituation or discrimination, females exhibited a stronger response after hearing a female calling than after hearing a male. This may be because females are more reliable callers than males or because females only call in response to predators while males may also call in response to other stimuli, such as conspecific intruders. Females in fairy-wrens are uniparental incubators and usually the dominant feeder (Bradley and Bradley 1958; Tidemann 1986 ), placing them under higher predation pressures (Kleindorfer et al. 2014a (Kleindorfer et al. , 2016 and potentially increasing their vigilance for predators. Females may also call more than males because they are more likely to be surrounded by kin. In superb fairy-wrens, extra-pair copulations are controlled by females, with up to 95% of nests containing at least one extra-pair young ColombelliNégrel et al. 2009) , and sons often remain in their natal territory to provide help to their mother (Mulder et al. 1994; Margraf and Cockburn 2013) . Our results may also have been influenced by the fact that the study was conducted during the breeding season, when females are more vulnerable to predators and likely to have a nest nearby, and hence more likely to be alarm calling. Future studies should therefore investigate sex differences in alarm calling reliability as well as predator detection both during and outside the breeding season.
PCA factors F-Ratios
In a previous study, we showed individual variation in a complex alarm song (>10 elements) that also functions as an alarm vocalization, and found a stronger response toward mates compared to any other birds (Colombelli-Négrel et al. 2011) . Here, we found that individuals also responded differently to mobbing alarm calls from their mate. Therefore, superb fairy-wrens use two alarm vocalizations that inform receivers of caller identity and elicit a stronger response toward mates. Such differential response toward mates have been shown to be more likely when long-term cooperation favor stable pair bonds (Sherman 1980 (Sherman , 1985 Hogstad 1995) . Superb fairy-wrens form pair bonds that can persist throughout several years . Thus, an individual that protects its mate increases the probability that the mate will survive, and thus increases its probability of successful (current and future) reproduction (mate investment theory; Hogstad 1992 Hogstad , 1995 . Selective response toward mates may also represent an advertisement of mate quality. In fowls (Gallus gallus), the rate at which males produced alarm calls predicted both future mating and reproductive success (Wilson et al. 2008; Kokolakis et al. 2010) . Therefore, by responding faster to their mate, superb fairy-wrens may also advertise particular qualities that will secure future reproductive opportunities.
As predicted from kin selection theory, birds responded more strongly to calls of a related individual than of an unrelated individual. One could argue that individuals did not respond preferably toward kin but toward familiar individuals. However, as specified in the methods and results, the individuals selected to create the tracks for both related and unrelated individuals were composed of a mix of close and distant neighbors, and one would expect that close neighbors are more familiar than distant neighbors. If familiarity was the mechanism used in our experiment to respond to conspecific mobbing alarm calls, then response toward calls from related and unrelated individuals should therefore not have differed. In The eigenvalues and the percentage of the variance explained by each factor are presented in bracket under the name of the factor. The table presents the factor loadings for (a) Experiment One and (b) Experiment Two. 
PC2-Vigilance
Figure 3
Experiment One: Response (PCA variables; mean ± S.E) of superb fairy-wrens (n = 38) during the habituation phase (trials 1-4) and the dishabituation phase (trial 5) in relation to the playback type (test, control) for: (a) PC1-Approach (high factor loading for latency to respond, minimum distance and number of flights) and (b) PC2-Vigilance (high factor loading for number of mobbing alarm calls and latency to resume feeding). The data in black represent the response of the individuals presented with the test stimuli (novel individual) while the data in grey represent the response of the individuals presented with the control stimuli (same individual). Habituation occurred between the first and the fourth trials for both PCA factors.
addition, analysis of playback response based on familiarity alone (close neighbors versus distant neighbors) did not show any significant difference, which suggests that familiarity is not driving the differences observed in our study. However, we only tested response towards close and distant neighbors and not helpers. Helpers may be more reliable signalers since they are group members and can be related or unrelated (Dunn et al. 1995) . Therefore, fairy-wrens may be more inclined to respond to helper rather than neighbor mobbing alarm calls and future studies should further explore the effect of familiarity on call response.
Superb fairy-wrens used vocal cues for kin discrimination. Vocal discrimination of kin has been previously demonstrated in long-tailed tits (Aegithalos caudatus), where individuals discriminated between kin and non-kin using individual-specific features of contact calls (Sharp and Hatchwell 2005) , and in bell miners, where the mew call structure reliably signaled genetic relatedness between individuals (McDonald and Wright 2011). In birds, the mechanisms for kin discrimination can be learnt (Sherman et al. 1997; Price 1998; Komdeur and Hatchwell 1999; Griesser et al. 2015) or genetically determined (Petrie et al. 1999; McDonald and Wright 2011) . But as demonstrated in other species (e.g. Payne et al. 1988; Hatchwell et al. 2001) , kin selection does not necessarily require individual recognition and individuals could simply classify conspecifics into categories, such as kin and non-kin, based on simpler cues. In this study, mobbing alarm calls did not encode any kinship information, suggesting that superb fairy-wrens did not discriminate classes of individuals (kin versus non-kin) but discriminated between the individuals per se. When all individuals within a population are somewhat related and there are high levels of extra-pair copulations (as found in superb fairy-wrens), having individually Experiment Two: Response (PCA-Response; mean ± S.E) of superb fairywrens (n = 50) to the playback of the mobbing alarm calls of a mate, a related individual from the same population, an unrelated individual from the same population, or an individual from a different population. Superb fairy-wrens showed a stronger response to calls of their mate and to kin compared to individuals from a different population but not to calls of unrelated individuals compared to calls of individuals from a different population.
distinct calls means that individuals could potentially adjust their investment depending on their level of relatedness (Curry 1988; Emlen and Wrege 1988; Komdeur 1994; McDonald and Wright 2011) -which remains to be tested in fairy-wrens. The lack of kinship information in mobbing alarm calls also suggests that cues used for kin discrimination in superb fairy-wrens may be learnt. Fairy-wren fledglings remain in their natal group for a year or more before dispersing to another group or assuming a position in their original group (Rowley and Russell 1997) . During this time, they start developing alarm behaviors and vocalizations by copying their parents (Colombelli-Négrel et al. 2010) , and cues used for kin discrimination could be learnt during this period -but this remains to be tested. It should also be noted that vocal individuality in mobbing alarm calls varied between years (or contexts as mobbing alarm calls could have changed as a result of changes in the social group; see Rukstalis et al. 2003) . Unstable vocal identity has been reported in several species of birds (Puglisi et al. 2004; Walcott et al. 2006 ) and mammals (Matrosova et al. 2009 (Matrosova et al. , 2010 (Matrosova et al. , 2011 , and generally resulted from variation in the social environment, such as a change of territory or pairing status (Snowdon and Elowson 1999; Rukstalis et al. 2003; Walcott et al. 2006) . If vocal individuality vary between years, superb fairy-wrens will thus need to update information on caller identity on a regular basis, further supporting the idea of learnt cues for kin discrimination in this species. Such a system would also provide reliable cues for individuals that are in frequent contact only; thus excluding kin that are rarely frequent in the direct vicinity (see also Matrosova et al. 2010 ).
In conclusion, this study provides further support to the idea that birds, like mammals, can discriminate among individuals based on their alarm calls (see also Nichols and Yorzinski 2016) and adjust their behavior accordingly. Recent studies have suggested that environmental factors (such as predation risk) (Pollard and Blumstein 2011) and social complexity (such as the diversity of inter-individual relations within groups) Krams et al. 2012; Freeberg and Krams 2015) are likely evolutionary drivers for complexity in communication, cognitive abilities and social behaviors, such as cooperation. Considering the variation in predation rates and the wide range of natural histories found in fairy-wren species, this group may offer a particularly good model for investigating communication and discrimination complexity, and the evolution of social behaviors in relation to environmental and social factors. Field experiments were approved by the Animal Welfare Committee at Flinders University (permits E386-E370) and by the Department for Environment and Heritage (permit A25132). All birds were banded under permit from the Australian Bird and Bat Banding Scheme (banding authority number 2601). We thank Cleland Wildlife Park for access to their Sanctuary. Thanks to Petra Hanke and Katharina Mahr for help with fieldwork logistics and data collection. Thanks to Mike Gardner and Tessa Bradford for guidance and supervision of CE with the genetic work. Many thanks to Jeremy Robertson and Sonia Kleindorfer for their comments on an earlier version of the manuscript. Finally, we acknowledge the financial contribution for the genetic analyses and intellectual inspiration provided by Sonia Kleindorfer including her help to design a project that examines the sender and receivers of alarm calling in relation to genetic relatedness.
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